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Study of the Ovp-decay is one of the highest priority issues
in particle and nuclear physics

APS Joint Study on the Future of Neutrino Physics (physics/0411216)

We recommend, as a high priority, a phased program of sensitive searches
for neutrinoless double beta decay (first in the list of recommendations)

ASPERA road map:
« Requirement for construction and operation of two double-beta decay experiments

with a European lead role or shared equally with non-European partners (GERDA,
COBRA, CUORE, SuperNEMO)
» Different nuclear isotopes are necessary to minimize the impact of uncertainties
In matrix elements to the extracted information about neutrino properties.
» We finally reiterate the importance of assessing and reducing the uncertainty
in our knowledge of the corresponding nuclear matrix elements, experimentally

and theoretically.
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Standard Model Lepton Universality

Particle Symbol Anti — p. mass L. L, L, |life—time
[MeV] [s]
electron e et 0.511 1 0 0 stable
el.neutrino U, V. <22100%]1 0 O stable
muon pwo ut 105.6 0 1 0| 2210°
muon neutr. v, v, < 0.19 0 1 0 stable
tau T™ Tt 1777, 0 0 1 2910713
tau neutrino V. [z < 18.2 0 0 1 stable
Lepton Family NEW PHYSICS Total Lepton

Number Violation massive neutrinos, SUSY... Number Violation

Veyr < Veyr; Veur < Ve,r  Observed Ve < Por not observed

pt — et +~ R<12x1RY |KT —a +et+pu" R<5x1079
pt — et +e +et R <10x 10" T~ =7 +at4et R<19x10°°
Kt —at+e +put R <47 x 10712 W +W™ —e +e

T —e +put+pu R<18x10°° (A,Z) = (A, Z+2)+e +e- T%>19x 1072
Z° — e 4+ ¥ R<17x107%| |y +(A,Z) = (A, Z—-2)+et R<36x107%
y + (A, Z)— (A, Z)+e R<12x107Y |leo4+e —a 40~ ?
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The answer to the question whether neutrinos are their own antiparticles
Is of central importance, not only to our understanding of neutrinos, but
also to our understanding of the origin of mass.

1 @
— = GY(Ey. 2)|IM"™ 2[{mz5)|? mapg =
s (Eo, Z) *|{mag)|” Jof6; zz—l
Absolute v Normal or inverted CP-violating phases
mass scale

Hierarchy of v masses

L0 0 €13 0 s1ge % cip 812 0 1 0
0 c3 52 0 1 0 s12 c1p 0 0 etz
0 =523 c2 —s13¢ 0 C13 0 0 1 0 0 e
C12€13 519C13 Sy3e 101 1 0
—812Ca3 — C12553513€" "2 C12C23 — S19893€"12 893C13 0 et=n
812833 — C12Cy3€™" —C19893 — 819C23513€"1%  C93Ca3C13 0 0

An accurate knowledge of the nuclear matrix elements, which is not available

at present, is however a pre-requisite for exploring neutrino properties.



Atomic mass (arbitrary units)

The double beta decay process can be observed due to nuclear pairing
interaction that favors energetically the even-even nuclei over the

odd-odd nuclei

A=const (even) _
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33 emitters with Qg >2 Mev

Transition

110Pd _.110 Cd
?EGe __.76 Se
1245n _ 124 Te
136Xe __.136 Ba
130Te _ 130 Xe
116Cd _}116 Sn
825e —82 Kr
IOOMO __. 100 Ru
9% 7Zr —% Mo
150Nd _.150 Sm
48(_-3 _ .48 Ti

Qg;j ( keV)

2013
2040
2288
2479
2533
2802
2905
3034
3350
3667
4271

Abundance (%) (®2Th = 100)

12
38
6
9

34
7
9

10
3
6

0.2
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AM, [MeV]

Double Beta Decay Nuclei of experimental interest

Emission of two electrons
(A,Z)—(A,Z+2)+ete

BB

AM, [MeV]

Preferable nuclear systems

with large AM , (E®)
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Double electron capture
e, e, +(A,Z)—(A,Z)"

AM, might be also
important (resonant
enhancement)

Nuclear systems with small

Signal from y- and X-rays

T
300



If (or when) the Ov decay is observed two theoretical problems
must be resolved

1) What is the mechanism of the decay, i.e., what kind of virtual particle
Is exchanged between the affected nucleons (quarks).

2) How to relate the observed decay rate to the fundamental parameters, i.e.,
what is the value of the corresponding nuclear matrix elements.
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The OvpB[3-decay mechanisms

Two basic categories are
long-range (exchange of light Majorana v)
and
short-range (exchange of heavy v, squarks, gluinos ...)
contributions to the Ovgp-decay
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Light neutrino
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Squark mixing RPV SUSY

Neutrino
vertex
L = ei (€7a(l—75)v) (W™ (1 —s)d) +he. (V= A)
_ : : : Hirsch,Klapdor-Kleingrothaus, Kovalenko
R-parity violating SUSY vertex PLB 372 (1996) 181
e G ! =1
o = & ( e 3 Us (#(1-+95)e) (a1 +50)0) (s, P)

1
Fooie UL (70us(1+35)e) (W-ﬁ(lﬂ-smwh.c.) (Tensor)

Paes, Hirsch, Klapdor-Kleingrothaus,
PLB 459 (1999) 450
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gluino/neutralino exchange R-parity breaking
SUSY mechanism of the OvB3p—decay

quark-level diagrams

d+d >u+tu+te+e de L, dr e
up, i u uy, i u,
- >
exchange of 18 xE u,
squarks, L u I B
o u ! 3
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and dr i
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d u d u
> R Y L’__ *R—’—LF
eL : eL eL : BL
(—— - (E— -
(A’;{)? mechanism  x X
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nucleon level

Light neutrino exchange

Heavy neutrino exchange
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Sterile neutrino in OvppP-deca
Matrix element Bp Yy

depends on » ( ) My 2
1 ee 1 1 v
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Calculation of
Nuclear Matrix Elements
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Nuclear Matrix Elements

In double beta decay two neutrons bound in the ground state of an initial
even-even nucleus are simultaneously transformed into two protons that
are bound in the ground state or excited (0*, 2*) states of the final nucleus

It IS necessary to evaluate, with a sufficient accuracy,
wave functions of both nuclei, and evaluate the matrix element of the
Ovp[-decay operator connecting them

This can not be done exactly, some approximation and/or truncation
Is always needed. Moreover, there is no other analogues observable
that can be used to judge the quality of the result.
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Exact methods exist up to A=4

Nuclear Structure

Computationally exact methods
for A up to 16

Approximate many-body methods
for A up to 60

Mostly mean-field pictures

for A greater than 60 or so

>

Monte
Carlo Shell
Model

profons

-I— —‘
Standard shell model EEIJE_I

Ab initio method :
Initio methods With newer methods and powerful

28 computers, the future of nuclear
structure theory is bright!

11/11/2009 Fedor Simkovic 17



s

Many-body Hamiltonian

Start with the many-body Hamiltonian

H= Zp, + 2 V(F 7))

i<j

0f1p N=4 /

Introduce a mean-field U to yield basis 0d1s N=2

1p N=1 0=0~0-O

P, +U(r) ]+ZVNN(r—r) Zi:U(ri) 0s N=0

m <]

—
Residual interaction

The success of any nuclear structure calculation depends on
the choice of the mean-field basis and the residual interaction!

The mean field determines the shell structure
In effect, nuclear-structure calculations rely on perturbation theory

11/11/2009 Fedor Simkovic 18



Goeppert-Mayer and Haxel, Origin of the shell model
Jensen, and Suess proposed

the independent-particle
— 1)1 (16)—[184]—184
e - 3d3, {6)—
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M.G. Mayer and J.H.D. Jensen, Elementary Theory of Nuclear
11/11/2009 Fedor Simkoy Shell Structure,p. 58, Wiley, New York, 1955



Two complementary procedures are commonly used:
e Nuclear shell model (NSM)
*Quasiparticle Random Phase Approximation (QRPA)

In NSM a limited valence space is used but all configurations of valence
nucleons are included. Describes well properties of low-lying nuclear
states. Technically difficult, thus only few 0vg-decay calculations

In QRPA a large valence space is used, but only a class of configurations
Is included. Describe collective states, but not details of dominantly
few particle states. Relative simple, thus more Onbb-decay calculations

11/11/2009 Fedor Simkovic 20



Nuclear Shell Model

. (JadpIT|V
H = —
Za:eaaaaa abZd \/(1+5ab)(1+5cd)

eDefine a valence space

ol 1), [« ® 4] ® [ ®4, ]"I

0

0

eDerive an effective interaction HY =EY > H WV 4 =E W
eBuild and diagonalize Hamiltonian matrix (101%)

eTransition operator < | O 4 | Vi
ePhenomenological input:

Energy of states, systematics of B(E2) and GT transitions (quenching f.)

@ O

48C Q— 48Ti

£5/2 f5/2

p1/2 p1/2

p3/2 p3/2

f7/2 17/2

AU
40(? a

++++++++++ Fedor Simkovic
Small calculations

@ ©

6Ge — 76Se

g9/2 -0
p1/2 —o—o—
52 —eo-0— -e0-0-0-0
P32 —g-e-0-0- -0-0-0-0-

99/2
p1/2
£5/2
p3/2

AONNNNNNNNANN

96 i

76Se,, in the valence
6 protons and 14 neutrons



Quasiparticle Random Phase Approximation (QRPA)
and its variants

Y
Y
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Realistic
NN-interactions

used in 5.66%) - 41 parameters - ¥?/Ny,,= 1.03

the QRPA Nijmegen II - (P, = 5.64%) - 47 parameters - %2/Njy,= 1.03

calculations Argonne Vs - (P, = 5.76%) - 40 parameters - 32/N,,, = 1.09
CD Bonn - (P, = 4.85%) - 43 parameters - x2/N,, = 1.02

C based upon the OBE model >___<
T p ® 6,0,

Modern (phase-shift equivalent) NN potentials

Nijmegen I - (Pp

Brueckner
G-matrices
from Tuebingen

(1999 NN Database: 5990 pp and np scattering data)

(H. Muether group)
Renormalization of the VN interaction I
Bethe-Goldstone DrfflcuITy in the derivation qf -7 fr'om_ any modern 'NN Pofenhal:
. existence of a strong repulsive core which prevents its direct use
equation in nuclear structure calculations.

Traditional approach to this problem: Brueckner &-matrix method.
G :V+VL6 The 6 matrix is model-space dependent as well as energy
W-H, +ig dependent.



The vectors X and Y are obtained by solving the equations of motion:

A B X X Eigenvalue equation for
( B _A > ( vV ) :‘""’( \% ) ‘w?, unphysical solutions

with w? < O possible

with
f ~
Ay s = {ON(ehel) 7 H(C;’CL’)(JM)‘(;)} particle-hole
= Opnpin (Ep + En) &
+ (UpUnUp Vn! + VpUnUp/Un’ ) Gph (on= 1, J|Wf|p'n'~1, J)
+(Up U Upy Ut + VpUp Uy Uy ) Gpp e, J|V [P0, T
By = (OLH (el )T (—1)M (], ol YD) 0)

+(— 1) (upvnvp; Ups + VpUp Up! Vg ) G (pn~

— (1) (upn vy Ve + VpUntipr g ) gpplom, J|V X0, T

particle-particle
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The Ovpp-decay NME: g fixed to 2vp3-decay

Each point: (3 basis sets) x (3 forces) =9 values

By adjusting of g, to 2vB[-decay half-life

the dependence of the Ov3[3-decay NME on
other things that are not a priori fixed

7669
is essentially removed
0.25 ~3.90
. 30
— e —9levels -
3 Sk . £l
= 8 . S
2 ‘ =
= A 2O ]
* g [
0.00 \\—0.00 ':_E:
Vs % -
‘\l |_|:|-_ E § —
™N / i $
1 21 levels
st Ti 100 130 136
0254+——F——1——1——1——1—+—+ 390 “Ge Mo Te Xe
07 08 09 10 11 12 13
Rodin, Faessler, F.S,Vogel,
25

gPP
' Phys. Rev. C 68, 044302 (2003)



The Interacting Boson Model"

* The low-lying states of the nucleus, composed by n and z
valence nucleons, are modeled in terms of (n+z)/2 bosons.

* The bosons have either L = 0 (s boson) or L = 2 (d boson).

* The bosons can interact through one-body and two-body

forces giving rise to bosonic wave functions.

* Any observable can be calculated using these wave
functions provided that the relevant operator is employed.

YF. lachello and A. Arima, The Interacting Boson Model,
Cambridge University Press, 1987
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Projected Hartree-Fock-Bogoliubov Model

PHFB Model

States of good angular momentum J

2J +1

87 ’a,

‘IP{;>: deDML (Q)‘R(Q](I)J;)

Axially symmetric HFB intrinsic state

D )= u. +v._ b b
‘ ﬂ> H ( im im ~ im rm)

where

= 2 Cr’&'mﬂ;ﬁ bf% - Z( I)H-J mCTfﬂ-'m i' m

m

Hamiltonian:
H=H_+V(P)+¢ V(Q0)

Only quadrupole interaction,
GT interaction is missing



The OvBpB-decay NME (light v exchange mech.)

The OvBB-decay half-life NME= sum of Fermi, Gamow-Teller
1 and tensor contributions

5 2 ﬂfﬂy
T\ M = (—19;5) (| — ZF 4+ M% + M%)
. A

= GY(Eo, Z)|M"™ 12| (ms5) |2

Neutrino potential (about 1/r,,)

hx(q?)qd
HK(T'J.E) — 2 ( ) mK(q )q 1 /
gy Jo g+ E™—(Ei+ Ey)/2

fF,GT(i}!"-'“m) = jn(fi"-’"lz); fr(f}f‘?‘lz) = _jz(fi"-'“lz) Induced pseudoscalar

Form-factors: he = g¢(4%) / coupling
finite nucleon her = g5 |1 %a’zizz *3 (éﬂfmi)/(plon exchange)
size [, = 2 \2
hT :-gr%l %q_z—?—mz _%( . ):|

72 +m?2

Mg_rerr = Z Z (—1) j”ﬂ”ﬁrﬁr‘?v { P jn E; } Jr =
J™ kik §.T prp'n! T 0+.17.2*
(p(1), ’(2)' T f(ri2)Ox f(r12) || n(1),7(2): 7) 0_’ 1_’2_
Jastrow f. —=107[[c ,.;n] Tk ) (T k| T k) (T kg || [ €,] 51|0F) 2 om e
S.r.C.




The OvpB3-decay NMEs (Status:2009)

60— T
A T SSM
@ ® IBEM
50 m PHEB
¢ (R)QRPA
® @
4.0 } }.
®

-
02 3.0

S~ R I I R

A A ®
2.0 A A %
H A
[ | [ |
1.0
0.0 48 76| | 82 | |9(; - 1(|)0| - 1I1(|5I | 1|2|8| | 1|3(|)| | 1|3é| | 1|5(|)
Ca Ge Se " 7Zr Mo Cd Te " Te " Xe ~'Nd

Nobody is perfect: | 5§V (small m.s., negative parity states)
PHEB (GT force neglected)
IBM (Hamiltonian truncated)

11/11/2009 (R)QRPA (g.s. correlations not accurate enough) *



B Klopdoretal., 90 % C.L.

A claim of evidence and other experiments

(current status)

B Exp. bounds + NME, 90 % C.L.

T S A R
%Ge | IGEX
%G | ... NEMO-3
1o0pfo L NEMO-3
[ o< [ Geochem.
"Te Lo Solotvina
L P — CUORICINO
e | DAMA

107"
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Anatomy of the Ovpp-decay NMEs
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Decomposition in in pp and nn channels

‘Lp(l):Pr(?)i g H f(r12)Ok f(ri2) H ?1-(1)3’”’(2)? -:7)

16 - ;
: B “Ge: M"=398 :
12 I "MoM =274 =
: B re: M™'=2.67 E
- J=0
8 Pairing mode
x J#0
e Non-pairing mode
of :
B 0 1 2 3 4 3 6 7 X 5
J 22

F. 5._._ A. Faessler V.Rodin,, P. Vogel, J. Engel, arXiv 0710.2055 (2007)
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nkovic

r-dependence of
the Ov[33-decay NME

The radial dependence of
M?" for the three indicated
nuclei. The contributions
summed over all components
shown in the upper panel.
The “pairing’ J =0 and
"broken pairs’ J # 0 parts

are shown separately below.
Note that these two parts
essentially cancel each other
for r > 2-3 fm. This is a
generic behavior. Hence
the treatment of small
values of r and large values
of ¢ are quite important.

QRPA
FS, Faessler, Rodin, Vogel, Engel
PRC 77, 045503 (2008)



Large Scale Shell Model

Menendez, Poves, Caurier, Nowacki,
Arxive:0901.3760 [nucl-th]

PHFB
ijﬁ ] P.Rath, R. Chandra, K. Chaturverdi,
Azg2 —— ] P.Raina, J.G. Hirsch,
A=124 —— ] to be published in PRC

A=130 ——
A=136

Cifm” ! ]

Nuclear physics

( 'm,lv."}rr h

Nucleon
physics
11/11/2009 Fedor Simkovic
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A consistent approach for the Ovp3-decay
(pairing, s.r.c, g.s.c.
calculated with the same
NN potential- BonnCD, Argon)

Neutrino potential: I(r)/r

I(r) = : f e d@
) - m.Ja (q + Eauer) (J- + qQ -"fEr;zut)4

|\P>c0rr. = f(rlz) |LP>
O o (r12) = 1(r ) O(r HI(r,)

Nucleon—Nucleon Potential

Vin (712 A

Opypp(ryp)

Wave function

] NN potential
v potential

—— Miller-Spencer Jastrow SRC

3.0

12F
Lof
0.8F
ek Two-nucleon
short range correlations
04F =
B —— Spencer-Miller (Jastrow) 3
02 g —— Brueckner (Argon)
' = Brueckner (Bonn)
B | — UCOM
= | L1 o e b b
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Neutrinoless double beta decay matrix elements

F.S., Faessler, Muether, Rodin, Stauf, PRC 79, 055501 (2009)
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It is of interest to see the contribution of individual orbits to
the OvpB matrix element. Within QRPA and its generalization
this can be done by using the basic formula:

sum over virtual sum over proton
intermediate states and neutron orbits

N -
M = Z Z (—1)7eHip +I+T
ST Rk, pnp'n’
PR T |
I F1q 28 P X
V2T + {;nf 55 j}
(1), 0" (2 T || f(r12)Ok f(ri2) || n(1), 7 (2); T) X
(OF||leen] g1 kg ) (I kg| ™ ko) (T hegi||[c €0 71|07 )

Summing over all indeces except n,n’ (or p,p’) will tell give us

" the required contribution. Note that it can be positive or =
negative.



Contribution of individual neutron orbits to M for 7Ge 0v[3 decay

Note the large positive
contributions along the

9/2
diagonal (pairing) and the Fe f P3 5 1:5/2
negative off-diagonal 72
contributions (higher seniority). Fedor Simkovic 38

The valence orbits dominate, but

~ Al
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How good is the
closure approximation?

Comparison between
the QRPA M with the
proper energies of the
virtual intermediate
states (symbols with
arrows) and the closure
approximation (lines)
with different <E_ - E»>.

Note the mild dependence

on <E, - E» and the fact

that the exact results

are reasonably close

to the closure approximation
results for <E,_ - Ep» < 20 MeV.

Graph by F. Simkovic
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2v[3B-decay

Both 2vgp and 0vpp operators connect the same states.
Both change two neutrons into two protons.

Explaining 2vff#-decay is necessary but not sufficient

Fedor Simkovic

40



BB-decay

‘é 0.016 ;— szB [h.rBB
A — S 0014
A=76 ooz |
As 0.010
_E —\B 0.008
BB\‘%_SE 0.006 [

0.004 F

7=32 33 34 0002 F

I] IIIIIIIIIIIIIIIIIIlIIIIIIIIIII IIIII 11
250 500 750 1000 1250 1500 1750 2000

(A, Z) — (A, Z +2) + 2 +25.

Observed for 10 isotopes: ¥Ca, °Ge, 3*Se, *%Zr,!""Mo. W e
16Cd. 128Te, 39Te, 15Nd, 238U, T, , ~108-10%* years vy

1967: 3'Te, Kirsten et al, Takaoka et al, (geochemical) ¢
1987: 32Se, Moe et al. (direct observation)
2008: 1Mo, NEMO 3 coll. ~ 300 00 events

(A, Z) — (A, Z2+2)+ 2e”

SM forbidden ,not observed yet: T,,, ( Ge)>102° years




2vpB-decay %%%%%%% Continuum states
OEM
Gamow-Teller 1+
transitions
+
1
A 5 ]
(T resonance
QRPA
RQRPA

low lying
states

2vppB-decay
nuclear matrix elements

( E:rf) 1 — GEU 1ur2r;

shell model

0" ‘
virtual "TT-~-8SD hypothesis
(AZ) states Deduced from measured T,,*
(A’Z+1) 0.25 rTTrrrr 11T T T T T T T T T T T T T TTT rT 11117 T1T TrTT T T T T 1T | rTrrrrrroTT
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: 100316 |
(AZ+2) — 0201 u
E i 3 ]
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Mar = <NE I o 9%, ® i
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m Em T Ei + ‘A %20 | Ca 128, 8
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B ) | ] vBﬁX -
L 130 e h
° ° ° = = T |
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T(Ju(@1)Jo(22)) = Jul21)J,(22) (two § — decays)
+ O(xy — x1p) [ (22), Ju(x1)] (2033 — decay)

virtual
states

A sum over 2vpP-decay

intermediate nuclear states
represents a sum
over all
meson and gamma exchange -
correlations of two
beta decaying
nucleons

Jo(0,7) =Y 7 (80s +i9a(F)k0ur )0 (T — 7,)

T

two subsequent P-decays

Jﬁj‘zu (pl . P2, 'I"l ' kZ) = —1i2)\ ‘r{'f'ﬁ'épkéyk

11/11/2009 X210 (Ey — Ej + pro + k1o + p2o + ko), k=1,2,3,



Integral representation of M

Mep = = 150(Ei[plu+k1u—&]t + Ei[qu-szu—ﬂ)t)ﬂfAA(t)dt

~"1a'r("r) — EthAk(U)E_th: Ak — ZT;— (Ei)k: k= 1} 2:' 3.

n times
. | X, (it)" s
Ay(t) = et g ) = S Y T, 440
Completeness: n—o v

2 |[n><n|=1

< Aldy(z)ds(m)|A > = Y < AJL(0,7)|n >< n|Js(0,F)|A > x

g E L ; I PR )
e ik En)xlue iy —E)ran

[ et = T [ ey = lim —
0 e—0 f e—0 1 — 7¢

R e 07| A0),[1} >< 1F|A(0),|0] >
11/11/2009 Mer =2 E, —F +A 44
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r,, -dependence of Mg = I kzk 5 Z ;(_1)“?“*5‘5’“* T x
the 2v[33-decay NME T

Jp Jn
27 +1<¢ = . X
j { In' Jp’ j }
{]*’} — /(‘3”" ;J(l) T | a(1)-a(2) || n(1),n'(2); T) x
(07 |l[e fthJTR ) (S kg | T ki) (T kgl |[c; ¢l [|0F)
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Decomposition of C2Y
on multipole contributions

2u
M2,

Jr >< Jr|
< 0flrT e T m
f‘ JZT:H Em_(Ei"‘Ef)/z

< O}LHTchrHlL >< 1t||7te||0f >
= E,—(E;+ Ef)/2

JC,(r) dr = M2 for Jm=1*
=0 for J=£17

11/11/2009
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Constraining the Ovp[3-decay NMEs

Nucleons that change from neutrons to protons
are valence neutrons

11/11/2009 Fedor Simkovic
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J.P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008)

Difference in neutron vacancies

Proton, _ -
= @ £
neutron £ z O
removing 6Ge — 76Se ol EXPERIMENT & & B2 |

transfer reaction John Schiffer, ' Odgro

P.Grabmayr et al

Ofso

H?IP — ( 1ﬂ1f|E C , 1T j:m|01ﬂat>

010 | | | | | 1P32+1Py 2
_ (b) | 0
0.05 + i
| o Lo |
o 000 - e | Kay et. Al, PRC 79, 021301 (2009)
E I Difference in proton occupancies
£ -0.05 — &
> @ =
2 I < << i
—0.10 ) EXPERIMENT % % c:%)g
—-0.15
~0-20- =500 1000 1500 2000 2500 |
Excitation energy (keV) 1L ]
QRPA(A) = BCS (WS)
QRPA(B) =BCS (AWS) Suhonen, Civitarese, ovic ,

PLB 668, 277 (2008)



How can we take into account theoretically the constraint represented
by the experimentally determined occupancies?

The experiment fixes — n;eP = <0% .| T ¢; " C
for the final nucleus

im |0%> and the same

particle creation and
annihilation operators

In BCS n° = v;# x (2j+1) depends only on v;which in turn depends on
the mean field eigenenergies

In QRPA the ground state includes correlations and thus

nQRPA = (2j+1)X[v® + (u;?-v,P)E]
.= (2j+1)V2<0*, . | [a*.a;]° | O*,. > depends on the quasiparticle
i~ el grpal 19§ qrpa
/ content of the correlated

ground state
quasiparticle creation and
annihilation operators

11/11/2009 Fedor Simkovic 49



Initial and adjusted mean field levels

While n;®*? and n;®“® are constrained
by Zn; = N (or Z) the n,Q®"* are not
constrained by that requirement.

The particle number is not conserved,

even on average. Thus the QRPA
must be modified to remedy this =
Selfconsistent Renormalized QRPA

‘ “Ge — Se prev. new
Jastrow s.r.c. | 4.24(0.44) 3.49(0.23)
UCOM s.r.e. | 5.19(0.54) 4.60(0.39)
10
i WS Adjusted Adjusted
sl d,, A _
Cody §=,4: g %
of dl;z e ” N
- L
E‘ s I p9/2 _N_/"_ N
m;:n L Bp fla
i flfz -x—/)(_ p5"2 A 74——::7L
G0 5, ToeEmE— y
I Lo —_——
'15:_ T —_— B
76Ge 76Se

76

TGGe T’GSe
neut. | BCS Q S exp BCS Q S exp

P 565 527 464 49402 | 557 5.05 4.12 44402
fs;2 | 554 512 434 46+04 | 553 5.00 3.63  3.3+04
Jrp | 791 7.67 7.62 - 790 7.54 T7.37 -
s | 001 0.05 0.07 - 0.01 0.04 0.08 -
ds;o | 0.03 0.14 0.15 - 0.02 0.14 0.16 -
ds;2 | 0.09 0.30 0.36 - 0.07 0.27 0.39 -
grr2 | 0.14 0.53 0.48 - 0.12 0.56 0.58 -
oo | 4.63 478 635 6.54+0.3 | 278 355 5.66  5.840.3
prot.

P 223 234 175 1L.77£0.15 | 207 276  2.28 2.0840.15
fs2 | 1.61 227 208 2.04+0.25| 295 297 3.03 3.1640.25
frp | 783 719 713 - 7.76  7.12 7.06 -
si2 | 0.00 0.02 0.03 - 0.00 0.03 0.04 -
ds;2 | 0.01 0.07 0.07 - 0.01 0.09 0.09 -
ds;2 | 0.01 0.12 0.15 - 0.02 0.17 0.18 -
grz | 0.02 0.19 0.16 - 0.03 0.31 0.27 -
goro | 029 0.85 0.62 0.23£0.25] 046 1.15 1.04 0.84+0.25

F.S., A. Faessler, P. Vogel, PRC 79, 015502 (2009)
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Constraining the 0vp-decay NME

- charge-exchange (t, *He)
- "V oar reactions (d, 2He)
e
V- From D. Frekers, RIKEN 2008 lecture
o — The cross sections give B(GT) for 3 and 8-,
o I product of the amplitudes (B(GT)Y?) gives
(ZA) Z+1.4) Z+2,)

the numerator of the M2¥ matrix element.

o
(=
B~

e | 2v33-matrix element
b 0.16 + 0.04 MeV-1

AE = 120 keV

=
(=]
@

-
o
N

-
[+ 1]
oo

with
G(2v) = 3.4x 1020 MeV2 -1

=
o
g

6Ge(3He,t)"®As

120 “rai 1| 2vBB - half-life
80 (1.1£0.2)x 102! a
40

recommended. exp. value:

A mevs| (1.520.1)x 102" a

d’o/dQdEx[cts/sr 10 kev] do/dQdEx (mb/sr/50 keV)

11/11/20( 51




Staircase plot (running sum) of the contributions to
the 2vBp decay ("°Ge—"%Se)
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Shell structure
of the mean field changed
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Anisotropic harmonic oscillator ~ Fedor Simkovic
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Nucl. Exp. I Exp. II Theor. I Theor. II

. ®Ca 000 0101 _ 0.00 0.00
Nuclear deformation ST 4017 0269 001 000
®Ge  4+0.09  0.26 0.16 0.14
76Se +0.16 0.31 -0.24 -0.24
_ [T
- 5 Z P 82Ge +0.10 0.19 0.13 0.15
r; 2Ky 0.20 0.12 0.07
. . 87y 0.081 0.22 0.22
Exp. I (nuclear reorientation method) oMo 4007 017 01 008

Exp.II (based on measured E2 trans.) . |
Theor. I (Rel. mean field theory) w01 0 oie oie
Theor. II (Microsc.-Macrosc. Model of

3 u6cd 4011 0.19 0.26 0.24

Moeller and Nix) 165y 4+0.04  0.11 0.00 0.00

28T 4001  0.14 0.00 0.00

Till now, in the QRPA-like calculations  **Xe 0.18 0.16 0.14
of the Ovpp-decay NME 180Te  40.03  0.12 0.03 0.00
spherical symetry was assumed Xe 017 013 011

136X e 0.09 0.00 0.00

The effect of deformation on NME “'Ba 0.12 0.00 0.00
has to be considered 150Nd  40.37  0.28 0.22 0.24

1508 40.23  0.19 0.18 0.21

11/11/2009 Fedor Simkovic 54



New Suppression Mechanism of the DBD NME

et .
>

0.2 04

Bdaughter

04 X 55 g

The suppression of the NME depends on

relative deformation of initial and final nuclei

F.S., Pacearescu, Faessler.
NPA 733 (2004) 321

Systematic study of the deformation effect on
the 2vp3B-decay NME within deformed QRPA
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QRPA with realistic forces in deformed nuclei

M. Saleh Yousef, V. Rodin, A. Faessler, F.S, PRC 79 (2009) 014314

= B al S o th
=2 2 2 2. 2 BunBiua By, B

T (Nl (NG (NG (NGl

2, i, ~JK JK
e G e G (i i

G ‘ Prpp'ﬁrprf

‘fiﬁ:pppﬁ e,

(o f

x (NI, (NI T | 6 HINED, (NI, T)

G-matrix elements in
spherical single particle basis
Bonn CD potential
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2v[3B-decay
and
statistical properties of v

Fedor Simkovic
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Mixed statistics for neutrinos
v > = &T‘O P
= cosé fI0> 4+ sinéd b0 >
= cosd |[f> 4+ sind [b>

Definnition of
mixed state

with commutation f E)
Relations

Eiqf:éfﬂ fTbl — Eiq!':E;'i'fT
fb' — E_i"“f’f)'i'f fTb — E_i"‘f’f)fT
Amplitude for 2v3f3

A = [cosd* + cosd’sin 6°(1 — cos@)]AF 4+ [cos & 4 cos 67sin 6%(1 + cos ¢)] A°
= cosy?A! 4 siny?A°

Decay rate W = cosx® W/ + siny® W
= (1-0) W/ + "

Partly bosonic neutrino requires knowing NME or log ft values for HSD or
SSD

( calculations coming up soon )
11/11/2009 Fedor Simkovic 58



Looking for a signature of bosonic v

2vpp—decay half-lives (0"—07, ;, 07—07%;, 07—2%))
e HSD — NME needed
* SSD — log ftg, log ft; needed

m SSD o+
17 (‘}f \ | o B
Tza S,SD“:]+ = 241 % 10 fermionic 1 T ,(27) = 1.73 x 10™years

= 403 bosonic v = 2.74 x 10*'years

f 2 f— ‘] i LY
Tr “P(2%) = 1.6 x 10*years

Normalized differential characteristics
eThe single electron energy distribution

eThe distribution of the total energy of two electrons
eAngular correlations of two electrons
(free of NME and log ft)



11

Mixed v excluded for sin’*y < 0.6

100V o — 19Ru (SSD)

0.8

=
o

P(T) [MeV ]

,
= sin ¥=0.00 (fermionic V)

——— sinz;(_:{}_ﬁﬂ
r——- Si1121={}.7-ﬂ'
""" 5i1127{={).8[}
re——c 5i1127{=£}.9D

.\
= = sm ¥=1.00 (bosonic V)
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Neutrinoless
Double Electron Capture

Fedor Simkovic
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Modes of the OVECEC-decay:
e, tet(AZ)— (AZ-2)+ vy
+ 2y
+ e'e
+ M

eb + eb+ (A,Z) I (A9Z'2) + Y

A

§ THE RESOMNAMNT SITUATION

< (1s)" s (2p)”

=

NS e n n =] e .
(&

w

= th“‘uhq{jﬂf
= Hy
~

O U 1/(E; - i)
a4

= Hy
:'\

)

5]

>}

>

a e p p e e

- 1s 1s 2p

=

= A = Hy Hy ~ Hy, Hy

.g Ei - Eint E,+E1s Egp
=’

N

Neutrinoless double electron capture

Theoretically,
not well understood yet:
e which mechanism is important?
e which transition is important?

o+

745e (0.9%)
Ami= —T2.2125(15) MaV

596 (2+)
; T1Ge
Am= —73.4219(15) MeV
|, 3 =eemesmm——————— Q=1209.4+2
\E&"E“M 1206.5
© EETECTOTE 12042 (2)
KiLE~126
» 1196.8
KgKg~23
> 1186
- )
]_—\{];r/“. L F (Qp — J-S) | co |2
T 2 - 2 O
By — Qres|> + [I'7/2]
Fed - _ 62
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F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

a)
eb eb
> > >
B B, Mixing of neutral atoms
(A,Z) Vu  (AZ=2) Y (A,Z) and total
b, _ b lepton number oscillation
eb \
b) o 'H+?1Hp+p—|—r';—|—r';
> - >
Ilb pb Ilb -
(AZ) W otz vl an (A2 = (A Z+2)
M P, Mo (A, Z)<— (A, Z2—2)"
P - P
Cp
LNV 1
LNV Potential VINY ~mgs G < > 21(0)T,(0)
LNV YRRY
| 10 eV =
m, = beV, Z =30, n,=1, [[=0



Different types of Oscillations (Effective Hamiltonian)

Oscillations of v;-v,

/ "}ﬂﬂ _ ( M — EiF My — Ty ) (Iepton flavor)
c M;, —T7, M —1LT
=Bl ’ Oscillation of K-anti{K,}
(strangeness)
Hﬂﬁ . M ItfrBNV Oscillati f ti
eff = VBNV af _ % T scillation of n-anti{n}

(baryon number)

) Oscillation of atoms
(total lepton number)

Full width of unstable atom/nucleus

Eigenvalues
! V2(M, — M;)
Ay = Mi+AM =3I, AM 0y
+ | 9 1 | (ﬁ,{i _ Mrf):z n él—\gﬁ
i 7 e
A = M;— -I' =AM+ =T 5 V2r
=9 + 51 Fedor r, — 64




Jr=0+  Calculated double electron capture half-lives (mg; =1 eV)
TT&I]SitiDH sz’ 79 ;ﬂl'f‘qr 79 1'.'1' AZ—2 i“l"f‘qli 7 HO[E‘E Tlm!n Tl;’?
s%Sn — *Cd* 1871 £ 0.2 —5.9x 42227 | Isyyp Is1yp | 2% 10%4 | 8 x 10%
s12Gd — [5%Sm 0 —0.3 25225 | Isyyp 2519 | 5 X 10%4 1 9 x 10%
0 5.9E£25x25 | Isy9 3810 | 4 X 10%° | 8 x 10%
0 7425225 | 1syypdsyyn | 8% 1026 1033
c1’Gd — L5*Sm* 3045 + 2 D.7E25x25 | 2819 2810 | 8 X 10%° | 3 x 10%2
3045 + 2 11.8+25+2.5 | 2519 3512 | 3 x 10%° | 8 x 10
3045 + 2 133225225 | 2819 4510 | 4 X 1027 | 2 x 10%
3045 + 2 6.6 L2525 | 2pisg 2pie | 2 X 1029 | 2 x 10%
Dy — §10Gd* 1988.5 +£0.2 7.0x£6.622.5 | 289 2519 | 2% 1027 | 8 x 10%!
1988.5 +£0.2 7.916.6125 | 2pig 2piyn | 8 X 10%9 | 4 x 10%
Transition Jr My 7 90— Maz—2| My, o— Maz Holes T Tiso
2Er — (82Dy* | 1T | 1745.716 £0.007 | —10.1 £3.5+£2.5 lsy/p 1519 | 8 X 105 | 2 x 10%
Dy — §°Gd* | 11 | 1965.950 +£0.004 | —12.5 4+ 6.6 & 2.5 | 1s1/2 2519 10%° 3 x 103"
17 | 1965.950 & 0.004 | =58 £6.6+2.5 | Lsys 3512 | 2 x 105 [ 2 x 107
17 | 1946.375 £ 0.006 8.4+6.6+£25 Lsy/p 28179 | 8 X 10%° | 4 x 103!
51Se — DGe* | 2T | 1204.204 £ 0.007 3.0x1.7x1.6 | 2pijo 2pss 1036 104
L - | 42
epton number and parity I =

oscillations

Fedor Simkovic

A(M; —

M) +1?




Double electron capture
€512t €510 11280 — 112Cd(07)

Reletivistic electron w.f. (j=1/2, 1=0, I’=1)

() ¢ — fﬂ:(r} Q'Em
v, (7) = ( (_1)1+1+£’ ’

l=7+1/2, ' =251
2 ga('?‘) Qjirm )

Potential
| 1 M3, 1
slsypplsy ity T, 2 4 33
| (03) = 4= me (GEm}) ey
Width Matrix element
9 Exc. state E_(MeV) MY
'E_}flSlll,.fnglll;g {D—l') ‘
ECEC 3 "
[ = 2 I'x 0%, 0 2.69
(M; — My)? + 0%, (1 ph.) 1.224 3.02
0*,(2 ph.) 1.433 0.90
0", (1 ph.) 1.224 2.78

11/11/2009 Fedor Simkovic




Experimental activities (112Sn)

F -
112Sn 1 14597 m
il
it
=] (=] g Irli:sl.I
1E71.0 FTEC BOED
L=
+ r= e
S L 1468.5
. o o
& = i 1433.2
o -
A
= e 13133
=
0f - 1224.4
ot | -
G175 popo = 1919.5 k¥
ot i l ‘
11% 19

In comparison with the OvpBB-decay disfavoured due:

* process in the 3-rd (4th) order in electroweak theory A.S. Barabash et al.,
* bound electron wave functions NPA 807 (2008) 269
favoured: resonant enhancement ?



Double electron capture of 112Sn
(perspectives of search)

F. Simkovic, M. Krivoruchenko, A. Faessler, to be submitted

31

10 E T T TTITT] T T T 171711 T TTTT7 T T
M.-M; T, ,,ECEC 1030; 1128n -> 112Cd §
(mge= 50 meV) :
10% = )
1keV  2.44 10% years = -
100 eV  2.4510®years — ' ¢ E
10eV 291 10% years <& 102?3_ i
0eV 4.6710%years — | E
10% - i
a5 — Mg = leV _:
10 E E
= — Mg = 50 meV 3
lQﬁ)OOl o 0(|)01 - II0|.|01 - I(I)l.l — H’_|l — III10

M, - M, [keV]

T,,% (°Ge)= (2.95 — 5.74) 10?6 years for my;= 50 meV 68



Program: Matrix Elements for Fundamental Processes

Ovpp-decay:

 Systematic study of NMEs for all mechanisms (general parameterization),
coexistence of different LNV mechanisms, angular distributions, transitions
to excited states

» Improvement of the nuclear structure model (QRPA-deformation, non-linear
phonon operator, calculation from single vacuum state)

* A detailed comparison with other approaches (NSM, IBM, PHFB)
and with available nuclear structure data (occupation numbers, #-strengths)

2 vf-decay:

o Better understand the role of residual interaction

* Predictions for transitions to 2* states in the context of bosonic neutrinos

OVECEC: resonant transition to excited states of final atoms, Analysis of capture
probabilities, calculation of corresponding nuclear and atomic matrix elements

Single #-decay: in the context of neutrino mass ( H, '8’Re) and relic neutrino
detection

dark matter detection: spin-dependent interaction, scattering of neutralinos on
odd-odd nuclei, role of exchange currents

Frank Avignone:
11/11/2009  Nuclear Matrix Elements are as important as DATA 69



What is the nature of neutrinos?

76Ge

100Mo
150N d Double electron
Sk D e e capture
/== > = (Muenster, Dresden,

Jyvaskula, Bratislava...col.)



